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1. Introduction 
Fuzzy logic inference system (FIS) has been widely applied to the controller design for 
automatic guided vehicles (AGV) because FIS allows easier controller design under 
uncertainty and nonlinearity (Hwang et al., 2007; Godjevac & Steele, 1999; Baturone et al., 
2008; Er &Deng, 2004; Ng & Trivedi, 1998). Wall following is a commonly adopted scheme 
for an AGV to navigate in the indoor or outdoor environments. Sonar system is usually the 
most popular hardware system installed on the AGV for wall following due to its cost-
effective functionality and computational efficiency. There has been some research applying 
FIS to the sonar-based wall following task (Tsui et al., 2008; Li et al., 2003; Juang & Hsu, 
2009). The sonar constantly transmits ultra-sound signals during the wall following process. 
The ultra-sound signals cannot go through most of the objects, walls or structures in the 
environment, and thus are reflected back to the sonar. By calculating the difference between 
the time when the ultra-sound signals are transmitted and are received, the AGV is able to 
constantly detect the distance between the AGV and the object the ultra-sound signals are 
reflected from. For the wall following, the AGV is controlled to navigate along the wall 
while maintaining a fixed distance based on the received ultra-sound signals. If the surface 
or texture of the wall varies as AGV navigates in the environment, the ultra-sound signals 
might not be directly reflected back to the receiver or the intensity of received signals might 
not be constant all the time. The time difference of the transmitted and received ultra-sound 
signals is determined by calculating the time when the transmitted signal is above a 
threshold and the time when the received signal is above another threshold. The deflection 
of the ultra-sound signals due to the variation of object surface and the reduction of 
reflected signals due to the surface texture and material characteristic will cause the 
uncertainty of distance detection based on reflected ultra-sound signals. In other words, the 
calculated distance is corrupted by inevitable noise and disturbance contained in the 
received ultra-sound signals.  
Although fuzzy controllers are credited with a high degree of reliability for controlling such 
a complicated system as AGV, the type-1 fuzzy controller sometimes is not robust enough to 
cope with the uncertainty existed in the noise-corrupted sonar signals. In this paper, a type-2 
fuzzy controller (Mendel, 2001; Mendel & John, 2002) is proposed to control both the left 
and right drive wheel of an nonholonomic AGV for the wall following. It will be shown in 
this paper that the proposed type-2 fuzzy controller resolves the inevitable noise problem 
due to its flexibility of processing controller’s input and output signals with uncertainty and 
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its robustness held in the type-2 fuzzy control system. AGV usually works in uncertain 
environments with noisy sensing data and has nonlinear interactions with the changing 
environments. In some situations or applications, the type-2 FIS is more suitable to being 
applied to the design of AGV controllers. Recently, some research has applied the type-2 FIS 
to the control of AGV. In (Hagras, 2004), a hierarchical type-2 fuzzy controller was design 
for a mobile robot navigating in new environments. In (Zhang & Wang, 2007), a type-2 
fuzzy controller was successfully designed to control the periodic walking motion for a 
biped robot. The type-2 FIS was also integrated with a neural network. A type-2 fuzzy-
neural network was designed for the environment recognition as part of the navigation 
control of a mobile robot (Nurmaini et al., 2009). To reduce the heavy computational efforts 
in type-reduction process of a type-2 FIS, several efficient type-reduction schemes have been 
proposed to simplify the computation for defuzzification (Karnik & Mendel, 2001; Wu & 
Tan, 2005; Wu & Mendel, 2002). 
2. Problem statement and interval type-2 fuzzy controller 
Given that an AGV is to navigate within an environment by following walls or structures in 
the environment. For the convenience and simplicity of description, the wall or structure for 
the AGV to follow is called the wall in the rest of this paper. The AGV is controlled to 
maintain constant distance between the AGV and the wall despite that the texture and the 
surface of the wall may vary to some extent during the wall following process. Assume that 
the sonar system is utilized on AGV to detect the distance between the wall and the AGV. 
As shown in Fig. 1, the AGV used in this paper is equipped with 12 sonar transceivers 
around the vehicle body.  
In this paper, a fuzzy controller is designed to control the steering of both AGV’s drive 
wheels for wall following despite the noise and disturbance that might cause miscalculation 
of distance between the AGV and the wall. A type-2 FIS is adopted in the proposed fuzzy 
controller due to the flexibility to describe controller’s input and output signals and the 
robustness held in the type-2 fuzzy control system. It is known from Fig. 1 that both front 
and rear sonar transceivers numbered 1 and 9 are used for following the right wall while 
two sonar transceivers numbered 6 and 14 are used for following the left wall. Denote D as 
the distance the AGV is controlled to keep away from the wall during the wall following 
process. Let T be the sampling interval, d1(kT) and d2(kT) be the measured distance based on 
the ultra-sound signals received by the front and rear sonar transceivers, respectively, at k-th 
sampling interval. For the convenience of notation, the sampling interval T is omitted for the 
following signal notations. If e1(k) = D - d1(k) and e2(k) = D - d2(k), the type-2 fuzzy controller 
for the wall following is to control the AGV’s increment of rotation angle, b(k) ≡ Δθ(k) as 
following: 
 1 2 1 2( ) ( ) ( )1 1 2 2( ) ( ) ( )
i i i iif e k is A and e k is A then b k is B# # #  (1) 
where 1( )1
iA# , 2( )2iA# are the i1-th and i2-th type-2 fuzzy sets for controller inputs e1, e2, 
while 1 2( )i iB# is the corresponding output i1 = 1…N1, i2 = 1…N2, and i3 = 1…N3. Assume that 
N1, N2 and N3 type-2 fuzzy sets are defined to describe the fuzzy inputs e1, e2 and output y, 
respectively. M fuzzy rules are assigned in the fuzzy controller. As the rotational increment 
b(k) is determined by the fuzzy controller at every k-th sampling interval, AGV’s rotation 
angle at (k+1)-th sampling interval is defined as: 
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 θ(k+1) = θ(k) + b(k) = θ(k) +Δθ(k) (2) 
To increase the computational efficiency of the fuzzy controller, the input type-2 fuzzy sets 
are defined as interval type-2 fuzzy sets, i.e.,   
 
,
( ) ( 1 )
h
h h h h h A Ah h
h h h h hA
e E e E q
A e e q e
μ μ
μ
∈ ∈ ⎡ ⎤∈⎢ ⎥⎣ ⎦
= =∑ ∑ ∑
# #




eμ # is the secondary membership of the type-2 fuzzy set hA# for the h-th input 
signal eh, and Eh is universe of discourse of eh. The primary membership values are set to be 
1 for primary variable [ , ]
h h
h A A
q μ μ∈ # # . 
 
 
Fig. 1. (a) Side view of an AGV.  (b) Sonar transceivers around the AGV. 
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3. Calculation of AGV’s rotational increment 
The measured signals e1(⋅) and e2(⋅) are transformed to be type-2 fuzzy singletons. At every 
k-th sampling interval, assume that the e1(k) =
'
1e and e2(k) =
'
2e . The degree of firing (DOF) of 
every fuzzy rule in the fuzzy rule base 1 2 1 2 1 2( ) ( ) ( )' ' ' ' ' '1 2 1 2 1 2( , ) [ ( , ), ( , )]
i i i i i ie e e e e eγ γΓ = ,where 
 1 2 ( ) ( )1 2
1 2
( ) ' '
1 2( ) ( )i i
i i
A A
e eγ μ μ= # #  (4) 
 1 2 ( ) ( )1 2
1 2
( ) ' '
1 2( ) ( )i i
i i
A A
e eγ μ μ= # #  (5) 
The center-of-sets type reduction scheme (Mendel, 2001;Mendel & John, 2002) is to be used 
along with the defuzzification approach. The centroid of the type-2 output fuzzy set 1 2( )i iB# in 
(1) is represented by ( )1 2i iBC # , which is a type-1 interval fuzzy set 
1 2 1 2( ) ( )[ , ]i i i il rc c , i.e.,  
 1 2 1 2( )1 2
( ) ( )1 2 1 2
( ) ( )
[ ,  c ]
1 / [ , ]i i
i i i i
rl
i i i i
l rB
c c
C c c c
∈
= =∑# . (6) 
The type-reduced fuzzy output, denoted as bcos, generated from the fuzzy controller in (1) is 
also an interval fuzzy set. Let bcos = [bl, br]. In order to calculate both bl and br, assume that the 
DOF associated with 1 2( )i ilc is denoted as 
1 2( )i i
lγ and the DOF associated with 1 2( )i irc is denoted 
as 1 2( )i irγ . Then, 
 
1 2 1 2
1 2 1 2 1 2
1 2 1 2
( ) ( ) ( )
1 1 1 1
( ) /( )
N N N N
i i i i i i
l l l l
i i i i
b cγ γ
= = = =
= ∑∑ ∑∑ , (7) 
and 
 
1 2 1 2
1 2 1 2 1 2
1 2 1 2
( ) ( ) ( )
1 1 1 1
( ) /( )
N N N N
i i i i i i
r r r r
i i i i
b cγ γ
= = = =
= ∑∑ ∑∑ . (8) 
Note that the DOF 1 2( )i ilγ and 1 2( )i irγ in (7) and (8) are set as either 1 2( )i iγ or 1 2( )i iγ depending on 
the calculated values of bl, br, and 1 2
( )i i
lc and 
1 2( )i i
rc in the following iterative computation 
process for bl or br. The computation process for bl is described as following. 
1. Compute bl in (7) by initially setting 1 2 1 2 1 2
( ) ( ) ( )( ) / 2i i i i i ilγ γ γ= + , i1 = 1…N1, i2 = 1…N2. Let 
'
l lb b= . 
2. Update bl in (7) with 1 2 1 2
( ) ( )i i i i
lγ γ= if 1 2( ) 'i il lc b≤ and 1 2 1 2( ) ( )i i i ilγ γ= if 1 2( ) 'i il lc b> , i1 = 1…N1,  
i2 = 1…N2. Let
"
l lb b= . 
3. If " 'l lb b≠ , go to step 4; otherwise stop and set "l lb b= . 
4. Set ' "l lb b= and return to step 2. 
The value of br can be obtained by the process similar to the above except that both 1 2
( )i i
lγ and 
1 2( )i i
lc in the above computation process are replaced with
1 2( )i i
rγ and 1 2( )i irc , respectively. In step 
2 of the computation process for br, 1 2 1 2
( ) ( )i i i i
rγ γ= if 1 2( ) 'i ir rc b≤ and 1 2 1 2( ) ( )i i i irγ γ= if 1 2( ) 'i ir rc b> , i1 = 
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1…N1, i2 = 1…N2. Different from the type reduction process proposed in (Mendel, 
2001;Mendel & John, 2002), the values of 1 2( )i ilc , i1 = 1…N1, i2 = 1…N2, need not be pre-
arranged in an ascending order. The type-reduction scheme proposed in this paper directly 
uses 1 2( )i ilc  to calculate 
1 2( )i i
lγ for every indices pair (i1 i2) rather than locating the order of 'lb in 
the ascending values of all 1 2( )i ilc before determining the value of 
1 2( )i i
lγ . Therefore, the 
proposed modification of type-reduction scheme saves the computation effort compared to 
the one in (Mendel, 2001; Mendel & John, 2002). 
After calculating both bl and br in the type-reduced output bcos of an interval singleton type-2 
fuzzy controller based on (4)-(8) with e1(k) =
'
1e and e2(k) =
'
2e , the defuzzified output 
 b(k) ≡ Δθ(k) = (bl + br)/2. (9) 
4. Implementation of AGV’s wall following control 
It is shown in the above discussion that the wall following control of AGV mainly depends 
on delicate control of AGV’s rotational increments. The implementation of AGV’s rotational 
increments and the associated rotational dynamics will be further investigated in this 
section. The rotational dynamics of a nonholonomic AGV is shown in Fig. 2, where Q 
denotes the center of an AGV and Q’ denotes the new position after AGV moving forward 
from Q for a period of sampling interval T. Let dl and dr be the moving distance of AGV’s 
left and right wheel with respect to the Cartesian coordinate centered at the origin O. If rl 
and rr are the rotational radius for the left and right wheel, respectively, then,  
 ( ) ( ) ( )l l ld k r k V k Tθ= ⋅ Δ = ⋅ ,   (10)  
 ( ) ( ) ( )r r rd k r k V k Tθ= ⋅ Δ = ⋅ .  (11) 
where Vl(⋅)and Vr(⋅) are AGV’s left and right wheel speed, respectively. The speed of AGV 
can be defined as Vavg(k) = (Vr(k) + Vl(k))/2. The moving distance do(k) can be considered as 
the moving distance of AGV’s center Q, i.e.,   
 ( ) ( ) ( ) ( ( ) ( )) / 2o avg r ld k r k V k T V k V k Tθ= ⋅ Δ = ⋅ = + ⋅ . (12) 
From (11) and (12), the rotational increment for the k-th sampling interval  
 ( ) ( ( ) ( )) /( ) ( ( ) ( )) / 2r l r l r lk d k d k r r d k d k wθΔ = − − = − , (13) 
where w is the radius of AGV. Substituting dl(k) and dr(k) in (10) and (11) into (13),  
 ( ) ( ( ) ( )) / 2r lk V k V k T wθΔ = − . (14) 
Then,  
 
( ) ( ) 2 ( ) /r lV k V k w k Tθ− = Δ . (15) 
From (12),  
 ( ) ( ) 2 ( ) /r l oV k V k d k T+ = . (16) 
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Hence, Vl(k) and Vr(k) can be obtained from both (15) and (16) as following: 
 ( ) ( ( ) ( )) /l oV k d k w k Tθ= − Δ , (17) 
   ( ) ( ( ) ( )) /r oV k d k w k Tθ= + Δ . (18) 
For wall following, AGV’s average speed Vavg is set as a constant despite that the left and 
right wheel speed Vl and Vr vary with time. As long as Vavg is a constant, AGV’s moving 
distance within every sampling interval, do(k), is also a constant according to (12). Referring 
to (17) and (18), if do(k) is set as a constant and Δθ(k) is determined by the type-2 fuzzy 
controller as in (9), Vl(k) and Vr(k) can be both determined. Since AGV’s left and right wheel 
motor are driven by the voltage-controlled PWM drivers, the left and right wheel can be 
driven to achieve the calculated speed Vl(k) and Vr(k) by applying corresponding voltages to 
the PWM drivers.   
Referring to Fig. 2 and (10)-(11),  
 ( ) / 2 ( ( ) ( )) / 2 ( )r l r lr r r V k V k T kθ= + = + Δ . (19) 
Substituting (13) into (19) yields 
 ( ( ) ( )) /( ( ) ( ))r l r lr V k V k w V k V k= + − . (20) 
Referring to Fig. 2, assume that AGV’s rotation angle is θ(k) at the k-th sampling interval 
with respect to x-axis of the global coordinate. Let Δu(k) and Δv(k) be AGV’s displacement 




























Fig. 2. Rotational dynamics of a holonomic AGV. 
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 ( ) cos( ( ))u k r k rθΔ = ⋅ Δ − , (21) 
and 
 ( ) sin( ( ))v k r kθΔ = ⋅ Δ . (22) 
The u-v coordinate is the x-y global coordinate with clockwise rotation (π/2 - θ). Therefore, 
 
cos( ) sin( )
( ) ( )2 2
( ) ( )
sin( ) cos( )
2 2
x k u k
y k v k
π πθ θ
π πθ θ
⎡ ⎤− −⎢ ⎥Δ Δ⎡ ⎤ ⎡ ⎤= ⎢ ⎥⎢ ⎥ ⎢ ⎥Δ Δ⎢ ⎥⎣ ⎦ ⎣ ⎦− − −⎢ ⎥⎣ ⎦
. (23) 
Substituting (21) and (22) into (23), 
 ( ) (sin( ( ) ( )) sin( ( )))x k r k k kθ θ θΔ = + Δ − , (24) 
 ( ) (cos( ( )) cos( ( ) ( )))y k r k k kθ θ θΔ = − + Δ . (25) 
With AGV’s position and heading angle [x(k), y(k), θ(k)]T at Q, the position and heading 
angle at Q’ for the (k+1)-th sampling interval can be updated as 
 
( 1) ( ) ( )
( 1) ( ) ( )
( 1) ( ) ( )
x k x k x k
y k y k y k
k k kθ θ θ
+ Δ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ = + Δ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ Δ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
, (26) 
where Δx(k) and Δy(k) are determined by (24) and (25), respectively, Δθ(k) is determined by 
the type-2 fuzzy controller as in (4)-(9). 
5. Experiment 
The AGV is set to follow a round clump of bushes in the park as shown in Fig. 3. It is 
obvious that the ultra-sound signals transmitted from the sonar transceivers are easy to be 
deflected by the flowers, leaves and trigs in the bushes. The distance between the AGV and 
bushes measured by the sonar systems is contaminated by inevitable noise. Referring to (1), 
two different interval type-2 fuzzy sets are utilized for 1( )1
iA# and 1( )2iA# describing the linguistic 
terms “negative” and “positive”, respectively, i.e., N1 = N2 = 2. Let 
















μ μ# # =[25, 35]. Referring (6), a 
singleton is used to define the centroid of the output fuzzy set 1 2( )i iB# in (1). Let (1,1) (1,1)l rc c= =-
1.25, (1,2) (1,2)l rc c= =-0.1, (2 ,1) (2 ,1)l rc c= =0.1, (2 ,2) (2 ,2)l rc c= =1.25. To verify the effectiveness and 
efficiency of the proposed type-2 fuzzy controller, the controller is compared with a type-1 
fuzzy controller with similar parameterization. As in the type-2 fuzzy controller, 4 fuzzy 
rules are defined in the type-1 fuzzy controller. The parameterizations for the type-1 fuzzy 
controller are set to be as close to the type-2 settings as possible in order to have a fair 
comparison. The left and right semi-Gaussian function is defined as the membership 
function for the fuzzy sets describing the linguistic terms “negative” and “positive”. Define 
the left and right semi-Gaussian function, respectively, as following. 
www.intechopen.com
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x m x m
RG x m
x m
σσ ⎧ − − ≤⎪= ⎨ >⎪⎩
 (28) 
The left semi-Gaussian function with ml = -30 and σl = 16.5 in (27) is used as the membership 
function of the fuzzy set describing the linguistic term “negative” for both e1 and e2. Similarly, 
the right semi-Gaussian function with mr = 30 and σr = 16.5 in (28) is used as the membership 
function of the fuzzy set describing the linguistic term “positive” for both e1 and e2. The 
running paths of the wall-following results using type-2 and type-1 fuzzy controllers are 
compared in Fig. 3 (a) and (b). It is obvious that the running path due to the type-2 fuzzy 
controller is smoother than the one due to the type-1 fuzzy controller. The variations of AGV’s 
rotation angle θ(k) in (26) with respect to time due to type-2 and type-1 fuzzy controller are 
compared in Fig. 4 (a) and (b). It numerically justifies that the running path due to the type-2 
fuzzy controller is smoother because the variations of θ(k) in Fig. 4(a) due to the type-2 fuzzy 
controller is much smaller than the one in Fig. 4(b) due to the type-1 fuzzy controller. 
 
  
(a)                                                                                  (b) 
Fig. 3. Comparison of AGV’s running paths due to (a) type-2 fuzzy controller, (b) type-1 
fuzzy controller. 
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Interval Type-2 Fuzzy Wall Following Control









Type-1 Fuzzy Wall Following Control
                 Forward Distance (mm)                   (b)
 
Fig. 4. Comparison of AGV’s rotation angle θ(k) due to (a) type-2 fuzzy controller, (b) type-1 
fuzzy controller. 
6. Conclusion 
A wall-following type-2 fuzzy controller for AGV has been designed in this paper. The 
proposed type-2 fuzzy controller is especially suitable for the AGV that uses sonar system to 
measure the distance between the AGV and the wall. The distance measuring scheme used 
in the sonar system is sensitive to the received ultra-sound signals. The proposed type-2 
fuzzy controller features the robustness of the distance measurement. The inevitable noise 
problem in AGV’s sonar-based distance measuring scheme is resolved by using type-2 
fuzzy sets to define the distance measurements. Similar approach can also be applied to the 
sonar-based obstacle avoidance because the surface of obstacle might not be smooth enough 
to reflect the ultra-sound signals back to AGV’s sonar transceivers. 
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